Abstract-An ultra-wideband polarization rotation reflective surface (PRRS) with a high polarization conversion ratio (PCR) is proposed, which can reflect a linearly polarized incident wave with 90°polarization rotation. The unit cell of the proposed PRRS consists of a square and L-shaped patches printed on a substrate, which is covered by a superstrate and backed by a metallic ground. The two patches are connected to the ground using two metallic vias, respectively. Compared with the previously reported PRRS, the polarization rotation bandwidth of the proposed PRRS is enhanced from 49% to 97% with a high PCR of 96%. The frequency responses within the operation frequency band are consistent under oblique incident waves. Furthermore, the designed PRRS is applied to the ultra-wideband radar cross-section (RCS) reduction by forming a checkerboard surface. A 10-dB RCS reduction is achieved over an ultrawideband of 98%. To validate the simulation results, a prototype of the checkerboard surface is fabricated and measured. A good agreement between the experimental and simulation results is obtained.
I. INTRODUCTION Polarization rotators are a type of important electromagnetic (EM)
structures which have been intensively investigated in the microwave and quasi-optical frequencies in the past few years [1] - [5] . Generally speaking, polarization rotators can be categorized into transmission and reflection types. For the transmission type, one can exploit either the birefringence effect of anisotropic metamaterials [6] - [8] or the optical activity of chiral metamaterials [9] - [11] . Most of these structures operate in a single or two separate narrow frequency bands [6] - [9] , [11] . In [10] , an ultrathin chiral metamaterial slab stacked with twisted complementary split-ring resonators is proposed for highly efficient broadband polarization transformation. Its conversion efficiency reaches up to 96% with a bandwidth of 24%. For the reflection type, the plasmon resonances and asymmetric highimpedance surfaces are utilized to realize the polarization rotation in [12] - [19] . The reflection-type polarization rotators proposed in the literature either work in a few separate narrow polarization rotation frequency bands or do not have a high enough polarization conversion ratio (PCR) over the polarization rotation bands.
In [20] , a broadband polarization rotation reflective surface (PRRS) is proposed by connecting the square patch to the ground using two asymmetrically placed vias. A 49% bandwidth is obtained with a high PCR of 96%. Furthermore, another ultra-wideband PRRS with a periodic array of quasi-L-shaped patches is also presented in [20] , which increases the polarization rotation bandwidth up to 103%. However, the PCR of the L-shaped PRRS is only 50% in some frequency ranges.
In this communication, a novel ultra-wideband and high-efficiency PRRS is presented by employing a single-layer dual-patch unit cells. The unit cell consists of a square and L-shaped patches printed on a substrate, which is covered by a superstrate and backed by metallic ground. Unit cells employing either square or L-shaped patches have been reported in [20] . When the two patches are combined to form a dual-patch unit and are covered by a superstrate, however, the electrical size of the combined unit cell can be reduced, while the operation bandwidth is broadened by 48% with almost the same PCR. Furthermore, we apply the dual-patch based PRRS to a metallic sheet to reduce the radar cross section (RCS) in an ultra-wide frequency band. By arranging the unit cells of the PRRS into four sections with orthogonal orientations, a checkerboard surface with low RCS is formed and a 10-dB RCS reduction is achieved in an ultra-wide frequency band of 98%. In the literature, it has been reported that by combining an artificial magnetic conductor (AMC) and a perfect electric conductor (PEC) or two different kinds of AMCs with a 180°phase difference in a checkerboard configuration, the reflections from the two different surfaces are canceled with each other under a normal incident plane wave, thus reducing the RCS in the normal direction [21] - [24] . Unfortunately, the AMC/PEC method can only reduce the RCS in a narrow frequency band, whereas the AMC/AMC method requires two different kinds of AMCs with a 180°phase difference over a wide frequency band. In contrast, an ultra-wideband RCS reduction can be achieved by using only one kind of PRRS with the proposed configuration, thus simplifying the design and fabrication process.
This communication is organized as follows. Section II describes the topological structure of the ultra-wideband dual-patch PRRS with a high PCR and analyzes its performance. Section III presents a checkerboard surface formed by the proposed PRRS for ultrawideband RCS reduction and discusses the relationship between the RCS reduction and PCR of the PRRS. Finally, the conclusions are drawn in Section IV.
II. NOVEL ULTRA-WIDEBAND PRRS WITH A HIGH PCR
The unit cell of the proposed PRRS is depicted in Fig. 1 . It consists of a square and L-shaped metallic patches printed on the substrate backed by a metallic ground plane, and each of the two patches is connected to the metallic ground by two metallic vias loaded in a diagonal direction. The dual-patch unit cell is covered by a superstrate. The period of the unit cell of the proposed PRRS is 6 mm, and the relative permittivity of both the substrate and the superstrate is 2.65 (tan δ = 0.001). The other parameters are given in Table I .
In the following, we define r xy = E [20] .
The simulated reflection coefficients (r xy and r yy ) and calculated PCR of the ultra-wideband PRRS are shown in Fig. 2 (a) and (b), respectively. It can be seen that the PCR is higher than 96% in a bandwidth of 97% from 6.08 to 17.7 GHz with a normal incident wave. It can be seen from Fig. 2 (a) that with the incident angle (θ) increasing from 0°to 60°, the −3-dB bandwidth of the reflection coefficient r xy is reduced by about 2 GHz. However, the frequency response of the proposed PRRS at lower frequency range remains reasonably consistent. The reflection coefficient r xy is still larger than −2 dB from 6 to 16 GHz when the incident angle increases to 60°. Fig. 2(b) shows that when θ is 0°, there are five resonant frequencies and the resonant frequencies decrease to four at the oblique incidence of the EM waves.
To understand the response of the proposed PRRS to the incident EM wave with a y-polarized electric field, we decompose the electric field of the incident EM wave E i into two perpendicular components E iu and E iv , as shown in Fig. 3(a) . When the incident EM waves are u-polarized and v-polarized, respectively, the magnitudes and phases of the reflected electric fields E ru and E rv are shown in Fig. 3(b) . It can be seen that the magnitudes of the two curves are approximately the same. Most of the energy is reflected with the same polarization as the incident EM wave. Furthermore, the relative phase retardation is roughly 180°from 6.2 to 17.8 GHz. Therefore, the total electric field of the reflected EM wave E r has the same magnitude as E i but is parallel to the x-axis, thus achieving orthogonal polarization rotation.
Here, we use the surface currents of the unit cell of the PRRS to further explain the polarization rotation mechanism. When the incident EM wave is y-polarized, the y-direction induced current can be generated. Owing to the asymmetric structure of the PRRS, some current will move toward the x-direction, which will generate an electric field E x along the x-direction. When the current moving along the x-direction is equal to that in the y-direction, the reflected field becomes orthogonal to the incident field with the same magnitude. The simulated surface current distributions for the two patches of the unit cell at the five resonant frequencies [as shown in Fig. 2(a) ] are given in Fig. 4 . The intersection angle between the direction of the total surface current induced on the patches and y-axis is 45°, which indicates a 90°polarization rotation.
To explain the physics of the wideband feature and give the equations for the resonant frequencies, an equivalent circuit of the dual-patch PRRS structure in the y-direction is investigated, as shown in Fig. 5(a) . For the equivalent impedance, gaps between adjacent metal patches provide the capacitances, and the metal patches themselves provide the strip inductances. The long conducting paths between adjacent grounded vias provide the inductances. For simplicity, the strip inductances L 7 are ignored and the final equivalent circuit is given in Fig. 5(b) .
The impedance of the PRRS in the y-direction can be calculated by the following: The values of the capacitances and inductances of the equivalent circuit are related to the parameters given in Table I . According to the final structures of the proposed PRRS, we assume a group of lumped circuit parameters as: L 1 = 1.24 nH, L g1 = 2.26 nH, C 1 = 0.176 pF, L 2 = 0.151 nH, L g2 = 0.515 nH, C 2 = 0.13 pF, L 3 = 1.31 nH, L g3 = 2.14 nH, C 3 = 0.0835 pF,L 4 = 0.161 nH, L g4 = 0.505 nH, C 4 = 0.128 pF, L 5 = 1.06 nH, L g5 = 2.12 nH, C 5 = 0.135 pF, L 6 = 0.02 nH, L g6 = 0.58 nH, and C 6 = 0.231 pF. For these values, the impedance Z has five resonant frequencies and its value is very high at these frequencies, as shown in Fig. 6 . As a result, the currents will flow in the x-direction and the reflected field in the x-direction is produced. Thus, a 90°polarization rotation is obtained. Table II presents a comparison between the proposed PRRS and other reported polarization converters [25] - [30] . It is shown that the proposed PRRS has an ultra-wide frequency band in which the PCR is higher than 90%. Indeed, the PCR of the proposed PRRS is higher than 96%, while the PCRs of the other reported polarization rotators undulate between 90% and 100% in their operating bands. In other words, both the bandwidth and stability of the PCR of the proposed PRRS are better than those of most of the other reported polarization rotators. Furthermore, the periodic dimension of the unit cell of the proposed PRRS is only 0.12λ 0 , which contributes to the stability of the frequency response of the proposed PRRS at the oblique incidence. The relative bandwidth of the PRRS proposed in [29] also has a wide relative bandwidth. However, its bandwidth is realized by using a 3-D structure, which is more difficult to fabricate.
The simulated reflection coefficients r xy and r yy of the proposed PRRS with a different thickness t 2 of the superstrate are displayed in Fig. 7(a) and (b) , respectively. As discussed in [20] , the square patch can only generate three resonances, whereas the conversion efficiency of the L-shaped patch is low. By combining the two structures together to form the dual-patch structure without a superstrate, four resonances are generated and the polarization rotation efficiency is improved. The introduction of the superstrate with an optimized thickness t 2 generates another resonance and improves the efficiency of the proposed dual-patch structure much further. The overall reflection from the polarization rotator is the superposition of the multiple reflections from the air-superstrate and the superstratemetallic patches interfaces of the proposed PRRS. If destructive interference occurs between the co-polarized direct reflection and its multiple reflections, the reflection coefficient r yy can be very small. This has been achieved by optimizing the thickness of the superstrate. Besides, the superstrate can make the phase difference between E ru and E rv more stable. As shown in Fig. 8(a) , when the thickness of t 2 is 4 mm, the phase difference is approximately 180°. However, for the other thicknesses of the superstrate, the phase difference varies from 120°to 270°across the band.
III. APPLICATION OF THE PROPOSED PRRS TO ULTRA-WIDEBAND RADAR CROSS-SECTION REDUCTION
In this section, the PRRS proposed in Section II is used to form a checkerboard surface to reduce the RCS of a metallic sheet. The relationship between the RCS reduction of the checkerboard Structure of the checkerboard surface formed by the proposed ultra-wideband PRRS. surface and the PCR of the PRRS is also investigated. Fig. 9 illustrates the proposed low RCS checkerboard surface, which is obtained by arranging the unit cells of two orthogonal orientations in the four sections. Each of the four sections consists of 16 × 16 unit cells with a total dimension of 96 × 96 mm 2 , and the total dimension of the checkerboard surface is 192 × 192 mm 2 . The RCS of a metallic ground with a substrate of the same permittivity and size as the proposed checkerboard surface is used as the reference.
As discussed in [20] , the RCS of the proposed checkerboard surface σ c can be written as [31] 
The RCS reduction of the checkerboard surface, compared with that of PEC with the same dimension, can be approximated by RCSReduction (dB) = 10 log 10 From (3), one can conclude that a 10-dB RCS reduction can be obtained when the PCR of a PRRS is greater than 0.9. Evidently, in order to achieve a good RCS reduction over an ultra-wideband, an ultra-wideband PRRS with a high PCR is needed. The normalized monostatic RCS with respect to the reference for the proposed ultrawideband checkerboard surface under normally incident y-polarized EM waves is shown in Fig. 10 . It can be seen that a 10-dB RCS reduction is achieved over more than 98% of the frequency bandwidth (from 6.1 to 17.8 GHz). Furthermore, the curve of RCS reduction follows that of r yy of the proposed PRRS, which is in agreement with the result of (3). Table III presents a comparison between the proposed checkerboard surface and other reported nonabsorbing low RCS structures [21] , [32] - [34] and absorbers [35] , [36] . In [36] , resistive patches are used and a bandwidth of 117% is achieved. The bandwidths of the other structures consisting of metallic patches are less than 74%. The comparison shows that the proposed checkerboard surface has an ultra-wide frequency band in which the monostatic RCS reduction is larger than 10 dB. The comparison implies a good performance of the proposed low RCS checkerboard surface for monostatic RCS reduction. Fig. 11 shows the comparison between the simulated RCS and the measured RCS of the checkerboard surface under y-polarized normally incident EM waves. Since the superstrate and the patches are fabricated, respectively, there may be an air gap between the two layers when assembling them. As a result, the curve of the measured result shifts to the higher frequency range. However, it can be seen that a reasonable agreement between the measured and simulated results is obtained in the designed frequency band.
IV. CONCLUSION
A novel dual-patch PRRS has been presented. Compared with the previously reported PRRS, the polarization rotation bandwidth of the proposed PRRS is enhanced from 49% to 97% with a high PCR of 96%. The proposed PRRS is then applied to an ultra-wideband RCS reduction. The PRRS is arranged in four sections and orthogonal orientations to form a checkerboard surface, and the bandwidth of the 10-dB RCS reduction is found to be over 98%. Simulation and experimental results validate the capability of the PRRS to reduce the RCS over an ultra-wideband.
